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Porcupine-like horseshoes:
Transitivity, Lyapunov spectrum, and phase transitions

by

Lorenzo J. Diaz and Katrin Gelfert (Rio de Janeiro)

Abstract. We study a partially hyperbolic and topologically transitive local diffeo-
morphism F' that is a skew-product over a horseshoe map. This system is derived from
a homoclinic class and contains infinitely many hyperbolic periodic points of different
indices and hence is not hyperbolic. The associated transitive invariant set A possesses
a very rich fiber structure, it contains uncountably many trivial and uncountably many
non-trivial fibers. Moreover, the spectrum of the central Lyapunov exponents of F'|4 con-
tains a gap and hence gives rise to a first order phase transition. A major part of the
proofs relies on the analysis of an associated iterated function system that is genuinely
non-contracting.
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1. Introduction. In this paper we provide examples of non-hyperbolic
transitive sets that we call porcupine-like horseshoes or, briefly, porcupines,
which show a rich dynamics although they admit a quite simple formulation.
Their dynamics are conjugate to skew-products over a shift whose fiber
dynamics are given by genuinely non-contracting iterated function systems
(IFS) on the unit interval.

Naively, from a topological point of view, a porcupine is a transitive set
that looks like a horseshoe with infinitely many spines attached at various
levels and in a dense way. In terms of its hyperbolic-like structure, it is a
partially hyperbolic set with a one-dimensional center, whose spectrum of
central Lyapunov exponents contains an interval with negative and positive
values which, in particular, illustrates that the porcupine is non-hyperbolic.
Although the dynamics on the porcupine is transitive, its spectrum of cen-
tral exponents has a gap and thus gives rise to a first order phase transi-
tion.

Our goal is to present these examples and to explore their dynamical
properties. We are not aiming for the most general setting possible, but
instead want to present the ideas behind our constructions. We think that
these examples are representative models for a number of key properties of
non-hyperbolic dynamics.

1.1. Non-contracting iterated function systems. The analysis in
this paper is essentially built on properties of a certain class of non-con-
tracting iterated function systems associated to the central dynamics of the
porcupine.

We consider fo, fi: [0,1] — R that are C* smooth, k > 1, and satisfy

e fo is orientation preserving, has an expanding fixed point ¢, a con-
tracting fixed point p > ¢, and no further fixed points in (g, p),
e f1 is an orientation reversing contraction;

such maps form an open set in the corresponding product topology. And
we study the codimension 1 submanifold of maps satisfying the (g, p)-cycle
condition

fi(p) =q
(compare Figure [2).
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Now we consider compositions of the maps f;, ¢ = 0, 1. Given a sequence
€= (...6 1.6 ...) € 5y :={0,1}%, for a point = € [q,p], we define the
(forward) Lyapunov exponent of the IFS generated by fo, f1 at (z,£) by

. 1
x(z,§) == Jim glog |(fleo..ca) ()], where  fig, ] = fe, 0+ 0 feo-

We restrict our considerations to points that remain in the interval [g, p]
under forward and backward iterations. For that we define the admissible
domain I¢ C [q,p] by

I = () (fes 00 fe_) (4, ).
m>1
We obtain the following auxiliary result, which is a one-dimensional ver-
sion of the main result in this paper (Theorem .

THEOREM 1. For the IFS generated by maps fo, f1 as above satisfying
the (q,p)-cycle condition, we have:

(A) There is an uncountable and dense set of sequences & € Xy such
that the admissible domain I¢ is non-trivial. There is a residual set
of sequences & € Yo such that I¢ contains a single point only.

(B) The points that are fived with respect to Jico...em) for certain § € X
and m > 0 are dense in [q,p|. Moreover, there exist x € (q,p) and
& € Xy such that {f[gou.gm](x)}mzo is dense in [q,p|.

(C) There exists p € (0,1og |fi(q)]) such that the spectrum of all possible
Lyapunov exponents is contained in

[log | fo(p)], p] U {log | fo(a)]}-

The cycle condition seems to play a role similar to the Misiurewicz prop-
erty in one-dimensional dynamics best illustrated by the behavior of the
quadratic map f(z) = 1 —2z? that has some alike features @ However, we
point out that in our case the breaking of hyperbolicity and the spectral gap
are not caused by any critical behavior. Note also that in our case the spec-
trum is richer and contains a continuum with positive and negative values.
In our case, the cycle condition and the fact that f; is orientation reversing
allows transitivity. However, typical orbits only slowly approach the cycle
points p (which corresponds to the critical point) and ¢ (which corresponds
to the post-critical point) giving rise to some transient behavior and hence
to the gap in the spectrum.

(*) A differentiable interval map satisfies the Misiurewicz condition if the forward
orbit of a critical point does not accumulate onto critical points. Note that f is conjugate
to the tent map in [—1,1] and that this conjugation is differentiable in (—1,1). Thus, in
particular, the spectrum of the Lyapunov exponents of f contains only the two values
2log2 and log 2.
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It would be interesting to find other representative examples that have
a gap in the Lyapunov spectrum and hence indicate the presence of a first
order phase transition (the associated pressure function is not differentiable,
see Proposition . We believe that this point deserves special attention.
A collection of examples that exhibit phase transitions are provided in [19]
in the case of interval maps and in [23] for abstract shift spaces.

1.2. Non-hyperbolic transitive homoclinic classes. We now put
the above abstract results into the framework of local diffeomorphisms and
return to the analysis of porcupines.

The porcupines considered in this paper are in fact homoclinic classes
(see Definitions and that contain infinitely many saddles of different
indices (dimension of the unstable direction) scattered throughout the class
preventing hyperbolicity. Moreover, they exhibit a rich topological structure
in their fibers (which are tangent to the central direction): there are uncount-
ably many fibers whose intersections with the porcupine are continua and
infinitely many fibers whose intersections with the porcupine are just points.
Further, the spectrum of the central Lyapunov exponents of these sets has
a gap and contains an interval (containing positive and negative values).
These properties will be stated in Theorem [ that is a higher-dimensional
version of Theorem [1| for local diffeomorphisms.

We point out that porcupines also have strong indications to exhibit a
lot of genuinely non-hyperbolic properties, to be explored elsewhere. For ex-
ample, the transitive porcupines that we construct do not possess the shad-
owing property and, following the constructions in [I7), 13}, 5], one can show
that they carry non-hyperbolic ergodic measures with large supports and, in
view of [4], we expect that they also display robust heterodimensional cycles.

Let us point out some further motivation. II’yashenko in his lecture [I§]
presented topological examples of fibered systems over a shift map that pos-
sess recurrent sets (which he calls bony sets) containing some fibers. Tran-
sitive porcupines provide examples of smooth realizations of such systems.
Kudryashov [20, 21] recently obtained a quite general open class of smooth
skew-product systems which exhibit bony attractors. Our examples are also
motivated by the construction in [14] of bifurcating homoclinic classes and
the subsequent study of their Lyapunov spectrum in [22]. These sets have
indeed porcupine-like features but are “essentially hyperbolic” in the sense
that all their ergodic measures are hyperbolic.

Let us now point out two topological properties of our examples (in fact
also present in [14]):

(1) the porcupine is the homoclinic class H(Q*, F') of a saddle @* that
contains two fixed points P and @ of different indices that are related
by a heterodimensional cycle (see Definition ,
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(2) the saddle @ has the same index as Q*, but is not homoclinically
related to @) (compare Definition .

Comparing with the one-dimensional setting in Section the points P
and @ play the role of p and ¢, and the heterodimensional cycle corresponds
to the cycle property. Our examples are “essentially non-hyperbolic”: The
porcupines contain infinitely many saddles of different indices. This property
(and the fact that the porcupine is transitive) is the main reason that the
central Lyapunov spectrum contains an interval with positive and negative
values. We remark that (2) is also the main reason for the presence of a
gap in the spectrum of the central Lyapunov exponents in [22]. In fact,
the condition about the saddle @ in (2) is necessary to obtain such a gap
(see Lemma . In our example the spectrum of the Lyapunov exponent
associated to the central direction contains a continuum with positive and
negative values and an isolated point. This is, as far as we know, the first
example with a spectral gap that is essentially non-hyperbolic and is not
related to the occurrence of critical points.

We are aware of the fact that sets that display properties (1) and (2)
above are quite specific: By the Kupka—Smale theorem saddles of generic
diffeomorphisms are not related by heterodimensional cycles, and by [2]
property (2) is C' non-generic. But this clearly does not imply that the
classes discussed here are not representative.

Finally, we would like to mention that this paper provides a systematic
study of non-hyperbolic homoclinic classes. Besides the above references, we
would like to mention [I], [I3], and [5] where ergodic properties (related to
the Lyapunov spectrum) of homoclinic classes are stated.

Before presenting our results, let us state precisely the main objects we
are going to study.

DEFINITION 1.1 (Partial hyperbolicity). An F-invariant compact set A is
said to be partially hyperbolic if there is a dF-invariant dominated splitting
E® & E°® E" where dFjgs is uniformly contracting, dFjg. is uniformly
expanding, and E° is non-trivial and non-hyperbolic. We say that E° is the
central bundle. The set A is called strongly partially hyperbolic if the three
bundles E*, E¢, and E" are non-trivial. See [7, Definition B.1] for more
details.

DEFINITION 1.2 (Porcupines). We call a compact F-invariant set A of a
(local) diffeomorphism F' a porcupine-like horseshoe or just a porcupine if

e /A is the maximal invariant set in some neighborhood, transitive (ex-
istence of a dense orbit), and strongly partially hyperbolic with one-
dimensional central bundle,
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e there is a subshift of finite type o: Y — X and a semiconjugation
m: A — X such that com = mo F, 77 1(¢) contains a continuum for
uncountably many £ € X and is a single point for uncountably many
Ee .

We call 771(€) a spine and say that it is non-trivial if it contains a contin-
uum. The spine of a point X € A is the set 71 (7(X)).

For examples resembling porcupines but having non-trivial spines only
we refer to [3, (15 16]. Concerning bony attractors, according to the definition
in [20] such an attractor may have only non-trivial fibers. Furthermore, there
are quite interesting examples in [20, 21] of bony attractors where the trivial
fibers form a “graph” of a continuous function over a subset of the shift
space.

We are in particular interested in the case where o is the full shift defined
on Xy = {0, 1}Z and A is a homoclinic class. More precisely, we have the
following standard definition:

DEFINITION 1.3 (Homoclinic class). Given a diffeomorphism F', the ho-
moclinic class H(P, F) of a saddle point P of F is defined to be the closure
of the transverse intersections of the stable and unstable manifolds of the
orbit of P. Two saddle points P and () are said to be homoclinically related
if the invariant manifolds of their orbits meet cyclically and transversely. We
say that a homoclinic class is non-trivial if it contains at least two different
orbits.

Given a neighborhood U of the orbit of P, we call the closure of the set
of points R that are in the transverse intersections of the stable and unstable
manifolds of the orbit of P and have an orbit entirely contained in U the
homoclinic class relative to U. We denote this set by Hy (P, F).

REMARK 1.4. Homoclinically related saddles have the same index. We
also remark that the homoclinic class of a saddle may contain periodic points
that are not homoclinically related to it. Indeed, this is the situation ana-
lyzed in this paper. Finally, observe that the homoclinic class H (P, F’) coin-
cides with the closure of all saddle points that are homoclinically related to
P. Moreover, a homoclinic class is always transitive. Finally, a non-trivial
homoclinic class is always uncountable.

DEFINITION 1.5 (Lyapunov spectrum and gaps). Consider a compact
invariant set A of a diffeomorphism F' with a partially hyperbolic splitting
E°@E°D E". Given a Lyapunov regular point S € A, its Lyapunov exponent
associated to the central direction E° is

1 .
(L1) Xe(S) = lim ~log|[dF" ||
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We consider the spectrum of central Lyapunov exponents of A defined by
Troo(A) :={xc(S): S € A and S is Lyapunov regular}.

reg
We say that (p,p’) is a gap of the spectrum of A if there are numbers
A < p < p/ < 3 such that

(pv pl) ﬁ-,Z—rceg</1) = @ and )\’/8 < Irceg(A)'
The following is our main result.

THEOREM 2. There are C' local diffeomorphisms F having a porcupine
Ap with the following properties:

(A) There is a continuous semiconjugation w: Ap — Yo, cow = woF,
such that

(a) There is an uncountable and dense subset of sequences & € Xy
such that w=1(&) is non-trivial. There is a residual subset of
sequences £ € Xy such that w=1(£) is trivial.

(b) There is an uncountable and dense subset of Ar with non-trivial
spines.

(B) The subset of A of saddles of index u+1 is dense in Ap. Moreover,
AR contains also infinitely many saddles of index u and thus is not
uniformly hyperbolic.

(C) There are numbers 0 < p < p’ such that (p,p’) is a gap of the spec-
trum of central Lyapunov exponents of Ap. Moreover, this spectrum
contains an interval with negative and positive values. Furthermore,
the pressure function t — P(—tlog ||dF|g<||) is not differentiable at
some point, that is, has a first order phase transition.

Furthermore, there is an open set U such that Ap is the (relative) homoclinic
class H= Hy (R, F) of a saddle R of index u+ 1 > 2 satisfying:

(D) The set H = Ap is the locally mazimal invariant set in U. Moreover,
this class contains the (relative) non-trivial homoclinic class of a
saddle of index w. Further, there is a saddle QQ € H of index u + 1
such that Hy(Q,F) ={Q} C H.

Our examples are associated to step skew-product diffeomorphisms, lo-
cally we have
F(EL'\,(L') - (¢<f)vff($))v TE [07 1]n’ T € [Oa 1]7

where @ is a horseshoe map and f5 = fy or f; for some injective maps fy and
f1 of [0,1]. We observe that for our analysis we require only C! smoothness,
that is, less than the often required C'*¢ hypothesis, and we base our proofs
on a tempered distortion argument. Any step skew-product diffeomorphism
with C'* fiber maps fy, f1 and with the properties stated below will provide
an example for Theorem



62 L. J. Diaz and K. Gelfert

Concerning the structure of spines, we find that non-trivial spines are
tangent to the central direction F¢ and that spines of saddles of index u + 1
are non-trivial and dense in Ap. We also observe that, given any periodic
sequence £ € Yy, there is a periodic point P in @~ !(£). Under some mild
additional Kupka—Smale-like hypothesis, the spine of any saddle of index
u—+ 1 also contains saddles of index u. In fact, in this case, for every periodic
sequence & there is a saddle S € Ap of index u projecting to £, w(S) = ¢

(see Theorem [4.16)).

QUESTION 1.6. Do there exist examples of porcupine-like transitive sets
such that w=1(§) contains a continuum for an “even larger” subset of Yo ?
Here larger could mean, for instance, a residual subset of Yo or a set of large
dimension and we would like to state this question in a quite vague sense.

Let us observe that in the examples in [20] the set with non-trivial fibers
is “small”, though the setting is slightly different from ours.

ENY %

Fig. 1. Construction of a porcupine

This paper is organized as follows. In Section 2] we describe the construc-
tion of our examples and derive first preliminary properties. In Section [3] we
collect properties of the IFS generated by the interval maps fp and fi. In Sec-
tion[d] we prove that the porcupine is a (relative) homoclinic class of a saddle
of index u + 1 and that it contains a non-trivial homoclinic class of a saddle
of index u. This implies that the porcupine is a transitive non-hyperbolic
set containing infinitely many saddles of both types of indices. In that sec-
tion we will systematically use the results in Section [3] The skew-product
structure allows us to translate properties of the IFS to the global dynamics.
We will also study some particular cases that imply stronger properties. In
Section [5| we finally study the Lyapunov exponents that are associated to
the central direction. Note that our methods of proof in Sections [4] and
are based on those used previously in studying heterodimensional cycles and
homoclinic classes (see for example [10] 2} [4, [14]). We conclude the proof of
Theorem [2] in Section [6
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2. Examples of porcupine-like homoclinic classes. In this section
we are going to construct examples of porcupine-like homoclinic classes with
the properties claimed in Theorem [2|

Consider s,u € N, the cube C = [0,1]*T*, and a diffeomorphism &
defined on R5T® having a horseshoe I in C conjugate to the full shift o
on two symbols and whose stable bundle has dimension s and whose un-
stable bundle has dimension w. Denote by w: [' — Y5 the conjugation
map, @ o ® = g o w. We consider the subcubes Co and 01 of C such that
® maps each CZ in a Markovian way into C where C contains all the
points X of the horseshoe whose 0-coordinate (w (X)) is 4. In order to pro-
duce the simplest possible example, we will assume that @ is affine in 60
and Cl.

DEFINITION 2.1 (The map F). Let C = C x [0, 1]. Given a point X € C,
we write X = (Z,z), where Z € C and x € [0, 1]. We consider the map

F:Cx[0,1] - R" xR

given by
F(ﬁj\, l‘) — (@(f), fO(x)) ?f X € 90 X [07 1]7
(®(2), fi(x)) if X € Cy x [0,1],
where fo, f1: [0,1] — [0,1] are assumed to be C! injective interval maps
satisfying the following properties (see Figure :

fo

f1

1
Io— 11

—_
—

Fig. 2. Tterated function system satisfying (F0), (F1), and (FO01)

(FO.i)) The map fp is increasing and has exactly two hyperbolic
fixed points, 0 (repelling) and 1 (attracting). Let fj(0) = 3
> 1 and fj(1) = X € (0,1). Moreover, A < fi(zx) < 3 for all
z € [0,1].
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(F0.ii) There are fundamental domains Iy = [ag,bg] C (0,1), by =
folap), and Iy = [a1,b1], b1 = fo(a1), of the map fy together
with numbers a > 1 and N > 1 such that

fNI)=1L and M- (fY)(z)>a>1 forall z e .
Moreover, fy is expanding in [0, by] and contracting in [a1, 1].
(F1.i)) The map f; is a decreasing contraction satisfying
v :=min{|f](z)|: z € [0,1]} <v:=max{|f](z)]: z €]0,1]} < 1.
(F1.ii) We have
Ifi(x)|>a>1/a forall z e [f(a1),a1].
(FO1) The following conditions are satisfied:

(1) (1) =0,
(2) fi([a1,1]) C [0, ao),
(3) [0, f5*(bo)) C f1([0,1]).

Note that in order to get the conditions above we need to require that

1-A
A——> 1.
151~
The maximal invariant set of F' in the cube C is defined by
(2.1) Ap = AL N AL, where Af = ﬂ FH(0).

1€EN

REMARK 2.2. We point out that we restrict our analysis to the dynamics
within the cube C. Notice that the usual definition of a (locally) maximal
invariant set A with respect to F' requires that F' is well-defined in some
neighborhood U of A and that A = (,c;, F*(U). Observe that in our case
we can consider an extension of the local diffeomorphism F' to some neigh-
borhood of C such that Ag is the locally maximal invariant set with respect
to such an extension. Indeed, this can be done since the extremal points P
and @) are hyperbolic.

From now on we restrict our considerations to the dynamics in C. In
particular, we consider relative homoclinic classes in C. For notational sim-
plicity, we suppress the dependence on C and simply write H (R, F).

Note that, by construction, for any saddle Q* € C the homoclinic class
H(Q*, F) is contained in Ap but, in principle, may be different from Ap.
The analysis of the dynamics of F'|4, will be completed in Section

For simplicity, we assume that the rate of expansion of the horseshoe is
stronger than any expansion of fo and fi, that is, in particular, stronger
than @, and that the rate of contraction of the horseshoe is stronger than
any contraction of fy and fi, that is, in particular, stronger than min{\,~'}.
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In this way the D F-invariant splitting £*® & E¢® E** defined over Ap and
given by

(2.2) E*:=R°x{0%0}, E“:={0°0"} xR, E““:={0°}xR"x {0}
is dominated. Note that this splitting is D F-invariant because of the skew-
product structure of F.

The following is a key result in our constructions. Its proof will be com-
pleted in Section [6]

PropoSITION 2.3. There is a periodic point Q* € Ap of index u + 1
whose homoclinic class H(Q*, F) is a porcupine-like set having all the prop-
erties claimed in Theorem [2l

Let us now introduce some more notation and derive some simple prop-
erties that can be obtained from the above definitions.

NOTATION. We equip the sequence space Yo = {0, 1}Z with the usual met-
ric d(&,n) = > ez 27l g —my| for € = (.. 616061 )= (...n_1.m0m1 .. .)
€ Xy. We denote by &€ = (& ...&n_1)? the periodic sequence of period m
such that & = &4, for all 7. We will always refer to the least period of a
sequence. The zero sequence with & = 0 for all i is denoted by 0%. Further,
we denote by & = (0N.10") the sequence with & = 1, £4; = 0 for all i # 0.

Let = w~!(0%) be the fixed point of ¢ which corresponds to the zero
sequence 0%. Note that § = 0°T%. Simplifying the representation, we also
assume that [0, 1]* x {0} = W (0, ) and {0°} x [0,1]" = W (0, D). Set
(2.3) P:=(0,1) and Q@ :=(0,0).

These saddles have indices v and u + 1, respectively. The previous assump-
tions and the choice of fy imply immediately that

[0,1]° x {0“} x (0,1] c W*(P, F
{0} x [0,1]" x {1} Cc W*(P, F
[0,1]7 x {0"} x {0} c W*(Q, F

{0°} x [0,1]* x [0,1) C W*“(Q, F

In what follows we write
Wioe(@, F) = [0,1]* x {(0°,0)}  and  Wyg.(P, F') = {0} x [0, 1]* x {1},

DEFINITION 2.4 (Heterodimensional cycle). A diffeomorphism F' is said
to have a heterodimensional cycle associated to saddle points P and @ of
different indices if their invariant manifolds intersect cyclically, that is, if

Ws(P,F)NW*Q,F) # 0 and W*(P,F) N W?*(Q, F) # (. Here we denote

by W#(P,F) (resp. W*(P, F)) the stable (resp. unstable) manifold of the
orbit of P with respect to F.

)

)

)
)
(2.4) |
)-

i

The definition of F' immediately implies the following fact.
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LEMMA 2.5 (Heterodimensional cycle). The points P and @Q defined
in (2.3) are saddle fized points with indices u and u + 1, respectively, that
are related by a heterodimensional cycle.

Fig. 3. Heterodimensional cycle

Proof. Note that by (2.4) we have
{(0%,09)} x (0,1) Cc W*(P,F)nW"(Q, F).

On the other hand, as fi(1) = 0, we have

F(Wige(P, F)) = F(({0°} x [0, 1]* x {1}) N Cy)

={0°} x [0,1]* x {0} Cc W*(P, F),

where 6° = =1 (ON.10Y) and (6%,0%,0) € W*(Q, F'), and hence W*(Q, F) N
WU (P, F) # (). This gives a heterodimensional cycle associated to P and Q,
proving the lemma. u

We will now derive some properties of the homoclinic class H (P, F').

LEMMA 2.6. The homoclinic class H(P, F') contains the saddle Q. There-
fore, this class is non-trivial and non-hyperbolic. Moreover, there are points
in {(0%,0")} x (0,1) that are contained in H(P, F).

Proof. Let 7 = (2°,0%) = w }(0N.10Y) and &(Z) = (y*,0%). Note that
by Definition [2.1] we have
(2.5)  F(({2"} x[0,1]* x{0})NC1) ={y"} x [0, 1] x {f1(0)} C W*(P, F),
and therefore, by (2.4) and since f1(0) € (0,1), (y%,0%, f1(0)) is a trans-
verse homoclinic point of P. This implies that H (P, F) is non-trivial. More-
over, it implies that W*" (P, F) accumulates at W} _ (P, F') from the left and
thus X = (2°,0%,0) is a limit point of a sequence X; := (x7,0", x;), x; =
FFNT(f1(0))) > 0, of transverse homoclinic points of P from the right.
Finally, as X € W*(Q, F) and H(P, F') is invariant, we have Q € H(P, F).
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To prove that {(0°,0%)} x (0,1) contains points of H (P, F'), for each
d > 0 and each (closed) fundamental domain D of fy in (0, 1) consider the
disk
Ds :=10,0]° x {0} x D C W¥(P, F).
Note that for large j the set F'~7/(Ds) contains some point X;. Therefore,
Dj; contains a transverse homoclinic point of P. As this holds for any § > 0
and since H(P, F') is a closed set, the set {(0°,0%)} x D intersects H (P, F')

and the claimed property follows. =
Let us consider the attracting fixed point p = f1(p) € (0,1) and de-
note by (p*,p") = w~1(1%) the corresponding fixed point for the horseshoe

map ®. Note that P = (p®,p",p) is fixed with respect to F' and has index u.

LEMMA 2.7. The saddles P and P are homoclinically related.

Proof. Let P = (p®,p",p) and note that p* x [0,1]* x p C W“(Jg, F).
Thus, together with p € (0,1) and [0,1]* x {0%} x (0,1] C W*5(P, F), we see
that W*(P, F) and W*(P, F') meet transversely.

Let us now show that W#(P, F) and W"(P, F') also meet transversely.
First note that [0,1] € W*(p, f1) and therefore [0,1]® x {p“} x [0,1] C
W#(P, F). Also note that by ([2.5)) we have {y*}x [0, 1]*x{f1(0)} CW*(P, F),
where f1(0) in (0,1). Thus W*(P, F) t W¥(P, F) # 0, proving the asser-
tion. m

REMARK 2.8. The construction in the proof of Lemma also shows
that any saddle P € Ap of F of index u satisfies W¥(P, F) h W*(P, F) # ()
and WY(P,F) h W*(P,F) # 0.

As, by construction, W (Q, F') does not intersect W*(Q, F) \ {Q}, we
immediately obtain the following fact.

LEMMA 2.9. We have H(Q, F) ={Q}.

3. One-dimensional central dynamics. In this section we are going
to derive properties of the abstract iterated function system generated by
the interval maps fy and f; introduced in Section [2] These properties will
carry over immediately to corresponding properties of the spines. We point
out that, in contrast to other commonly studied IFSs, in our case the system
is genuinely non-contracting and, in particular, in Section we will study
expanding itineraries of these IFSs.

3.1. Iterated function system. Let us start with some notation.

NoTATION 3.1. Slightly abusing notation, for a given finite sequence
g = (50 .. gm)v 52 € {O) 1}5 let
fie) = figo.m) = Few 0+ 0 fer © feo 1 [0,1] — [0, 1].
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Moreover, let
C[g] = C[Eo---ém] ={X eC: FI(X) € Cg, foralli=0,...,m}.
Given any set K C C, let
Kig = Kigo..em] = K N Cigg ]
Given a finite sequence £ = (§—p, ... €-1), & € {0,1}, we denote
fie) = fie e )= Jeaomofe )
Given a finite sequence & = (£, ... €1.80...&n), & € {0, 1}, let
fig = fieomtrgoe] = fleoen) © fe e n -
Note that these maps are only defined on a closed subinterval of [0,1].
A sequence £ = (...&_1.£0&1...) € X is said to be admissible for a point

z € [0,1] if the map fie_, ¢ ) is well-defined at z for all m > 1. Note that
admissibility of a sequence £ does not depend on the symbols (§p¢; .. ).

3.2. Expanding itineraries. We now start investigating expanding
behavior of the iterated function system.

Recall that Iy = [ag,bo] = [f; ' (bo),bo]. Given a closed interval J C
[£5%(bo), bo], we start by localizing an itinerary for which the iterated func-
tion system is expanding. We will always assume that closed intervals are
non-trivial. Recall the definition of a; in (F0.ii) and define

n(J) :==min{n > 1: fi'(J) C [a1,1)}.

Now let J" := fign(s)(J) and observe that by (F01)(2) this interval is con-
tained in (0, ag). Let

m(J) :=min{m > 0: f"(J") N1y # 0}.

Note that, by our choice of fundamental domains, we have m(J) > 1 and
either n(J) = N or N + 1 with N given in (F0.ii).

LEMMA 3.1 (Expanding itineraries). There is a constant k > 1 such that
for every closed interval J C [fy (Do), bo] and every x € J we have

|(flontn 1 gmeny) (2)] > &.

Proof. Recall that n(J) is N or N +1 and that m(J) > 1. Observe that
the hypotheses (F0.i), (F0.ii), and (F1.ii) imply that for any = € J we have

m n _
(frmnamen) @] = 105" o fro ff0Y (@) 2 @A > 1,

using the fact that féﬂ ) s applied to points in an interval [0, ag] where
[y > 1. Taking k := @« proves the lemma. m
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DEFINITION 3.2 (Expanding successor). To every interval JC[f5 2 (bo), bo),
we associate the finite sequence £(J) given by

o=-= En(J)—l =0, gn(J) =1, gn(J)—‘rl == En(J)—i—m(J) =0,
where n(J) and m(J) are defined as above. In view of Lemma [3.1 we call
(&o .- &, (J)+m(.J)) the expanding itinerary of J. We call the interval

f[fO---fn(J)+m(J)](J) c (0,1)

the expanded successor of J. We say that an interval J” is the ith expanded
successor of J if there is a sequence of intervals Jo = J, Jy,...,Ji_1,J; = J"
such that for all j =0,...,7 — 1, we have

J; C [fy2(bo),bo] and Jjy1 is the expanded successor of J;.

We denote the ith expanded successor of J by Ji;. Using this notation we
define the finite sequence 5 h=2¢ (J<->) with

We denote by || the length of this sequence.

REMARK 3.3. For future applications we remark that n(J) and m(J)
are both bounded from above by some number independent of the interval
J C [fy (o), bo]. Therefore, the definition of the expanded successor of an
interval J involves a concatenation of a number of maps fo and f; that
is bounded by some constant independent of J. In particular, there are
constants k1, ko > 0 independent of J such that for all z € J we have

k1 < [(flon1gmeny) (2)] < Ko
In what follows we denote by |I| the length of an interval I.

REMARK 3.4. Let J be a closed subinterval in [f; %(bo),bo]. By Lem-
ma [3.I] there is a constant £ > 1 independent of J such that the expanded
successor Ji1y = fig(s))(J) of J satisfies

[yl = [figm (] = &l J].
Moreover, by the definition of m(J), the interval Ji;y intersects [fq L(bo), bo].
The following lemma is the main result of this subsection.

LEMMA 3.5. Given a closed interval J C [fy2(bo),bo], there is a num-
ber i(J) > 1 such that the jth expanded successor Jiy of J is defined
for all 5 = 1,...,i(J) — 1 and Jii(r)) contains the fundamental domain

[£52(bo), f5 (b))

Proof. Note that the expanded successor is defined for any interval J C
(f~2(bg), bo]. Assume, inductively, that for all j = 0,...,4 the jth expanded
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successor J;y of J = Jy is defined and Jy; C [£5%(bo), bo]. Then the
(4 + 1)th expanded successor Ji; 1y of J is also defined.

Since for every j =0, ..., the interval Ji; ) is the successor of Ji;), by
Lemma [3.1] we have

[Ty = KTy

Since the size of [f;?(bo), bo] is bounded there is a first i(.J) such Jooys Ji1ys
-y Ji(ry are defined and J;(s)y is not contained in [£5 2(bo), bo]. Since by
Remark h the interval Ji;( ) intersects [fq L(bo), bo], this implies

[f52(bo), fo ' (b0)] € Tiiay

from which the claimed property follows. »
The following result can be of independent interest.

PROPOSITION 3.6 (Sweeping property). Given a closed interval HC (0,1),
there is a finite sequence (§o...&n) such that fig, ¢, (H) contains the fun-

damental domain [f52(bo), f5 ' (bo)]-

Proof. Just note that there exists m > 1 such that fiom1)(H) C (0, f 2(by)).
Therefore, there is k& > 1 such that f[omlok(iH) contains an interval J C
3.5/ m

(f52(bo),bo) to which we can apply Lemma

DEFINITION 3.7 (Expanding sequence). In view of Lemma given a
closed interval .J C [fy %(bo),bo] We consider its (finite) ezpanding sequence
§(J) obtained by concatenating the finite sequences ;) = £(J;) corre-
sponding to the expanding successors £y, ..., &) of J.

Note that, by the definition of i(.J), we have [fy 2(bo), bo] C fiew () and
[(Fie(ry)' (@) > 1 for all z € J.

An immediate consequence of Lemma [3.5] and the previous comments is
the following lemma.

LEMMA 3.8. Given a closed interval J C [fy (bo),bo] and its expanding
sequence §(J), there is a unique expanding fized point q; € J of fie(r)-

Moreover, W*(q7, fie(s)) contains [£52(bo), £y (bo)].-

Proof. Observe that J C [f;(bo), bo] C fiecn)(J) and fie(py is uniformly
expanding in J. =

3.3. Lyapunov exponents close to 0. In this section we are going to
construct fixed points (of contracting and expanding type) of certain maps
J¢o...6,m_1) Whose Lyapunov exponents are arbitrarily close to 0. Here, given
p € [0,1] and an admissible sequence & = (...&_1.£0&1...) € Xy of p, the
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(forward) Lyapunov exponent of p with respect to & is

1
X(p,€) = lim —log|(fig,...c, 1)) (P)]

whenever this limit exists. Otherwise we denote by x(p,§) and X(p,§) the
lower and the upper Lyapunov exponent defined by taking the lower and the
upper limit, respectively.

Given a periodic sequence (& . ..&n_1)%? € 59 and a point P(go.bm1)? =
f[é-o"'g’mfl](p(£0~~~£7n71)z)7 we have

1
(32) X, (€0 &m1)") = — 108 |(figo...¢m-11) (P(eo.n-1)2) |

We are going to prove the existence of periodic points of contracting and
expanding type with Lyapunov exponents arbitrarily close to 0.

PROPOSITION 3.9. For every e >0 there exists a finite sequence (1°0™10)
such that the map fiegmyos) s uniformly contracting in [0,1] and its fized
point p is attracting, has a Lyapunov exponent in (—e,0), and has a stable
manifold W5 (p, f[llomloj}) that contains the interval [0, 1].

ProrosITION 3.10. For every € > 0 there exists a finite sequence
(&o...&n—1) such that the map Ji¢o...en_1] has an expanding fized point whose
Lyapunov exponent is in (0,¢).

Before proving the two propositions, we formulate some preliminary re-
sults.

3.3.1. Tempered distortion. First, we verify a distortion property. Note
that we establish the tempered distortion property that holds true if fy is
only a C' map, instead of focusing on a bounded distortion property that
would require the standard C'*¢ assumption.

We will say that an interval J C (0,1) contains at most K consecutive
fundamental domains of fy if any orbit of fy hits this interval at most K +1
times.

LEMMA 3.11 (Tempered distortion). Given p € (0,1) and K > 1, there
exists a positive sequence (pg)r>0 decreasing to 0 such that for every interval
J containing p and containing at most K consecutive fundamental domains
of fo we have

)
||
forallk € Z and x € J.

+k

< () (@) 7

Proof. Let x,y € J. As f} is bounded away from 0 and the map y — logy
is Lipschitz if y is bounded away from 0, there exists some positive constant
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¢ and a positive sequence (ﬁk)k decreasing to 0 such that for every k>1,

‘1 E';Z Z |folfo'(x)) = folfo (w))] < chn

Here the latter estimate follows from continuity of f{ and the fact that
|fo(x) — fi(y)] — 0 as |z — y| — 0 and the observation that |f{'(J)] — 0 as
n — o0o. Now set

c(po+ -+ pr-1)

k
and note that py, — 0 as k — oo. Taking y such that |(f§) (v)| = |*(J)|/|J]
we get the claimed property.

Analogously, |fy"(J)| — 0 as n — oo, from which we can deduce the
case kK <0. m

Pk =

3.3.2. Looping orbits. We now show that the derivative along a looping
orbit starting in and returning to a fixed fundamental domain grows only
subexponentially with respect to its length.

LEMMA 3.12. Given a fundamental domain J C (0,1), there exists a
number K > 1 such that for allm > 1 sufficiently large the interval fiomy)(J)
contains at most K consecutive fundamental domains of fo.

Proof. For each m > 1 define a,, € (0,1) by

fo" (1) = [1 = am, fo(1 — am)].
Note that, because fo(1) =1, fj(1) = X and the derivative f{ is continuous,
and fi"(J) converges to 1 (and thus a, — 1) as m — oo, if m is large
enough we have

15" (Nl = fo(l = am) = (1 = am) = fo(1) = amfo(1) = (1 = am) = am(1 = A)

and hence

1
(3.3) iam(l -2 < |f6n(‘])| < 2a;,(1 = A).
Recalling the definitions of v and 4 in (F1.i), one has
1 m
(3.4) Y 5am(1 =) < [A(f§" ()] < 72am(1 = A).

Similarly one finds that there is a constant C' > 1 independent of large m
such that C~ta, < f1(fo(1 —am)) < Cay,. Hence
(3.5) fiom1)(J) C [C7 am, Cam (14 27(1 — N))].

Noting that the derivative of fo in flgm1j(J) is close to 8 and larger than
some [3' close to (3, we see that for large m the interval fiom1)(J) contains at
most ¢+ 2 fundamental domains where £ is the largest natural number with

(8" 0 am < Cam(1+29(1 = N).
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Notice that a,, cancels and hence ¢ does not depend on m if m is large
enough. This finishes the proof of the lemma. =

We will now use the above lemma to prove the following.

LEMMA 3.13. Given a fundamental domain J C (0,1) of fo, there exists
mo > 1 and a positive sequence (py)n decreasing to 0 such that for every
m > mg there exists j > 0 such that the interval figm1s)(J) intersects J. If
Jj = j(m) is the smallest positive number with this property then

e IPTmPm < ( flgmiga) ()] < ePitmem
or every x € J and every m > mqg and j = j(m).
f Y Y =1

Proof. Let J = [a, fo(a)] C (0,1) be a fundamental domain with respect
to fo. There exists mg > 1 such that for every m > mg and every = € J
we have fi'(z) > f; '(a), and fi(f§*(x)) is in the expanding region of fp.
Moreover, the interval figmygs1(-/) intersects J for some j > 0.

As in the above proof, for each m > mg set

[ (J) = [1 = am, fo(1 = am)]-
Just as for (3.3)) we obtain
1

Sm(1=X) < ()] < 2a,(1 - ).

The tempered distortion result in Lemma [3.11| now implies that there is a
positive sequence (pg)i decreasing to 0 such that for all z € J,

Lan(l1=A) .5 , am (1l —A)
s ¢ < (o) (e) S 2—F5—
2 |J] /]

We now consider the fundamental domain of fjy,

L:= [f()_1<f1(1 — am))vfl(l - am)]
Note that by Lemma the interval fjomq](J) contains at most K funda-

mental domains. By our choice the right extreme of L is the right extreme
of fiom1)(J) and therefore

fion)(J) C L= LU fo (L) U -~ U fo 5(L).

emPm

(3.6)

In the next step we compare the lengths of L and [ (J). Arguing exactly
as above, using the fact that f)(0) = 3, fi(z) < B, v <|fi] <7, and that
fi(1 — ay,) is close to 0 = f1(1) for m large enough, we obtain

1 _ _
(3.7) FYam(1 =7 D < IL <A a1 - 87Y).
Since for i > 0 we have 37| L| < |fy “(L)| < (8")7*|L| for some 1 < 3’ < 3,
from (3.7) we immediately obtain constants ki, ko > 0 such that

(38) k:lam é |E\ S kizam.
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Fix constants M~ and M™ such that if J’, J” are any two non-disjoint
fundamental domains of fy then

(3.9) M™\|\J| < | J" < Mt

For large m the sets fjomq](/) and L are both to the left of J. Thus there
exists a smallest positive integer j = j(m) such that f3(fiom1)(J)) (and thus
f3 (L)) intersects J for the first time (the same number for both intervals).

We now apply the tempered distortion property in Lemma to ZL Hence,
there exists a sequence (py)x decreasing to 0 such that for all x € L,

BN | pay(ay) < o D

L] L]

The definition of L and (3.9) imply that
K
M|J| < |fJ(L)| < M*|J|, where M* =Y (M*).
=0

Thus, by the previous two equations, for z € L we obtain

M~|J| . = M*|J|

—_— § |(fé),(l‘)| S e‘]pjf.
L] L]

This inequality together with (3.8) implies that for all z € L (and thus for
all z € fiomy)(J)) we have

e~ IPj

e3P M~|J| . i M| J|
D bl g 7/ < .
. =) @)l = =

Now putting together (3.6) and (3.10) and recalling that " < |f{] < v, we
see that the factors |J| and a,, cancel. Hence we obtain, for every x € J,

ity (L= A7 M 2(1 — \)yM*
2ks koo

Thus there is some C' > 1 independent of m and j = j(m) such that

Clemdbimmim < |(ff o fro f§) (@)] < CePitmom,

(3.10)

<|(fl o fro fI)(@)| < ePrtmim

The claimed property now follows with p,, := max{p,, pn + ﬁ log 5} "

3.3.3. Weak contracting and expanding looping orbits. We are now ready
to prove the above propositions.

Proof of Proposition . Recall that we denoted by p € (0,1) the at-
tracting fixed point of fi. Consider a fundamental domain J of fy containing
pin its interior, and some £y > 1 such that for all £ > £y the interval f{([0, 1])
is contained in J. This is possible because f{([0,1]) converges to p.
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By Lemma there exists mo > 1 and a positive sequence (pp)n
decreasing to zero such that for every m > mg and j = j(m) the intervals
fiom104)(J) and J intersect and for every z € J we have

e~ IPi—mpm < ’(f[omwj])/(l“” < edpitmpm

Recall now the choice of the constants v and 4/ in (F1.i). Therefore, for
every m > mg and j = j(m), every ¢ > {y, and every z € [0, 1] we obtain
(3.11) () e300 < |(fegmion) (x)] < ePTmomat,

Let now ¢ = {(m,j) > £y be the smallest such that the right-hand side
in (3.11)) is < 1, so that
(3.12) Jps +MPm i+ MPm

—log~y —logy

Since f{([0,1]) C J we can apply the above estimates to any = € f{([0,1]).

Thus, f1egm10s] is & contraction in [0,1] and hence has a unique fixed point
P[1¢om10s] Whose basin of contraction contains [0, 1]. Moreover, the Lyapunov

exponent x(ppeomi0i); §) with § = (1°0m107)% satisfies

+ 1

_ tlogy — jpj — mpm

M(£,m,j) : . < m10i]s €) < 0.

(¢, m, j) itmtl+1 _X(P[léo 109] §)

Using (3.12]), we deduce that

————log/( 1) - ————(jp; < M(¢,m, 7).
j—i—m—l—lOg’Y( —log~y +> j+m+1(jpj+m’0m)— (t;m. )

When we now take m arbitrarily large the index j = j(m) is also large.
Hence the lower bound M (¢,m, j) is arbitrarily close to 0. As the exponent
is negative, this finishes the proof of the proposition. =

Proof of Proposition . Take the fundamental domain I = [f; *(bo), bo].
By Lemma there exists my > 1 and a positive sequence (py )i decreasing
to zero such that for every m > mg and j = j(m) the intervals fiomy0s)(I)
and [ intersect and for every x € I we have

(3.13) e IPImmem < ( fomagy)' ()| < eIPatmem,
This implies, possibly after slightly decreasing (px ), that
(3.14) |f[0m10j](1) N (f(;l(f) ul)| > e IPi—mpm .

We now consider the subinterval
Im,j = fomi0i () N (fo (D uI)

and its expanded successors as defined in Definition [3.2

First recall that by Remark the number of applications of the maps
fo and f1 involved in the definition of the expanded successor of an interval
is uniformly bounded from above and below by numbers N1 > Ny > 1 that
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do not depend on the interval. Moreover, by Remark [3.3] each expanded
itinerary has a uniform expansion bounded from below and above by num-
bers k1 > ko > 1 independent of the itinerary.

Therefore, as the length of the interval in is bounded from below
and each expanded successor involves a uniform expansion bounded from
below by k2, we need to repeat the expanded successors a finite number
N = N(m,j) of times to obtain the covering of the fundamental domain
[£572(bo), fy *(bo)] as stated in Lemma Now we denote by Fy, ; the re-
sulting concatenated map. Moreover, by construction the interval

figo. &) (Im3) = (fo © Fn3)(Jm,5)
covers the original interval I and hence there exists an expanding fixed
point py, j € I of fi, with n:= (0"107%p . ..&,). Moreover, by the comments
above, n satisfies NNy +1 <n < NN; + 1.

We finally estimate the Lyapunov exponent of p,, ;. Using the length
estimate of Jy, ; in (3.14) and the uniform expansion of each expanded suc-
cessor by a factor of at least k9, we can estimate
C+ jpj + mpm

log k9

(3.15) N <

where C' > 0 only depends on the length of [f52(bo), fo '(bo)]. Hence,
by (3.13) and since each expanding iterate expands by at most k1, the
Lyapunov exponent at p,, ; satisfies

Nlog i +jpj +mpm _ Nlogki +jp; +mpm
NNy +j+m - j+m

Y

0 < X(Pm,j.n) <

Now ([3.15) implies that

C + jpj + mpp log ki n Jpj + mpm
log ko j+m j+m

X(Pm.j,n) <

Recall that j = j(m) is large when m is large. Thus, p;, pp, — 0 and hence
this exponent is arbitrarily close to 0. =

3.4. Admissible domains. In this subsection we explore the rich struc-
ture of admissible domains.

NOTATION 3.2. Given § = (...£_1.£0&1...) € Yy and m > 1, let

(316) I[Efm---sfl-] = f§—1 ©---0 f@m([o, 1])

This is always a non-trivial subinterval of [0, 1]. Note that fe,([0,1]) C [0, 1]
for every & € {0,1}. Therefore, for each one-sided infinite sequence £ =
(...&_9&_1.) the sets Ii¢_,,..¢_,) form a nested sequence of non-empty com-
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pact intervals. Thus, the set
Tig = ) e
m>1

is either a singleton or a non-trivial interval. For completeness, for each
n > 0 we write

Tl ptrbon) = Ll g
REMARK 3.14. Note that given a sequence § € X, any point x € [jg is

admissible for . Observe that for all m > 1 the interval Ije_ ., is the
maximal domain of fi¢_ ¢ ], which justifies our notation.

Note that any ¢ € Xy is given by & = ¢7.£F, where ¢+ € X = {0, 1}V
and £~ € Xy = {0,1}7N.
PropPoOSITION 3.15. We have the following properties:
(1) The set {€ € Xa: I is a single point} is residual in Xs.
(2) Given £+ € X, the set {¢~ € Xy : Ti¢- ¢+ is mon-trivial} is un-
countable and dense in X5 .

Moreover, for every closed interval J C [0,1) and every £ € E; the set of
§ € Xy with Ig- ¢+ D J is uncountable.

We postpone the proof of this proposition until the end of this section.
Let us first collect some basic properties of the admissible domains /.

LEMMA 3.16. Given a finite sequence ({—p, ... E—1), if o = 1 for at
least two indices k € {1,...,m} then Ie_ ¢ ;1 C(0,1).

Proof. Let m > 1 be the smallest such that £_,, = 1. By property (F01)
we have lie_ ¢ 1([0,1]) = [0,c1] C [0,1). Recall that fo([0,1]) = [0,1] and
fo(0) = 0. If & > m is the smallest such that £ _j =1 then

I[&*k"'g—m..-ffl.] = [fl ° gz—m—l(cl)’ fl(o)]7

where f1 0 f¥7™ 1 (¢1) > 0 and f1(0) < 1. This implies that for all £ > k we
have I[é_e.--ﬁfl.] C (0,1). This proves the lemma. m

Note that f¥([0,1]) = [0, 1] implies that
Toe_ e = (fey 00 fe )((0,1)) = T, ey -
This yields the following result.
LEMMA 3.17. For all k > 1 we have Igre . ¢ )= 1je_,. ¢,

LEMMA 3.18. Given § = (...&-1.£0&1...) € Xy satisfying E—p, = 0 for
all m > mg for some mo > 1, the domain Ijg = I[@MO._{_I.] s a non-trivial
interval.
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Proof. Recall that Iz ¢ ) is a non-trivial interval for any m > 1.
Hence, the claim follows from Lemma [3.17] =

We now start investigating the structure of admissible domains. Recall
the choice of the constants v and § in (F1.i) and (FO0.i).

DEFINITION 3.19. We call a sequence £ = (...£-1.§0&1 . ..) € X2 asymp-
totically contracting if for every m > 1 we have

m
(3.17) limsupy*m g™ Fm =0, where ky = ZE,Z
m—ee i=1

With (3.16)) and properties (F0.i) and (F1.i), if £ is asymptotically con-
tracting the length of the interval I satisfies

gl < lim_oFmgm=he =0,
m—00
The following lemma is hence an immediate consequence.

LEMMA 3.20. For every asymptotically contracting sequence £ € Xy the
set Iig) consists of a single point. Moreover, if § = (€0 .. &Em_1)? is periodic,
then this point is an attracting fized point of the map flg,. .. _1]-

REMARK 3.21. Given any asymptotically contracting sequence n =
n~nt € X, the set {n~.&1: ¢t € X} consists of only asymptotically
contracting sequences. Observe that this set is clearly uncountable.

LEMMA 3.22. The function § — || is upper semicontinuous but not

continuous. However, it is continuous at every n € X for which Iy is a
single point.

Proof. Let n € Y. Since the If, ., ] form a nested sequence of com-
pact intervals, their length is non-increasing and for any € > 0 there exists
N > 1 such that |[Ij;| < [Ij,_,.n_. 1| < Ijy| + € for every n > N. For every
e Xy withd(&,n) <6:=3 ;N 2717 we have & = n; for every |i| < n and
thus [Ije_ ¢ 1l = I ...l Since Iie_ ¢ ) is also nested, we obtain

gl < Hie_pe_r gl = Uil < gl + €,

which implies upper semicontinuity.
If I, is a single point only then Iy, ., 1l = [l , ¢ )l <& and

1l = Higll < Mol = M- sl + M)l = Higl < 22
This implies continuity at 7.

Finally, observe that the function £ — | [5]\ is not continuous in general.
Indeed, recall that I,y = [0,1] for n = (0%). However, as every sequence
£ € Xy with £; = 1 for all ¢ large enough is asymptotically contracting,
Lemma shows that /[¢ then contains only one point. Clearly, such a §
can be chosen arbitrarily close to 7. =
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To complete our analysis of admissible domains let us consider the sets
i) that contain a repelling point.

LEMMA 3.23. For every periodic sequence & = (&oé1...6m-1)" €
55\ {07} for which Jico..tm_1) has a repelling fized point q, the set Iy is
a non-trivial interval. Moreover, this interval contains points pee and Pso
with Poo < q < Poo that are fized for f[zgo...gm,l]'

Proof. Assume that g is a repelling fixed point of flg, . - Consider a

Em—1
point p € W} (q, f[so...émfﬂ) and note that the sequence py := fé’;_._gm_ﬂ(p),
k > 1, is well-defined. Assume that p < ¢. Note that féﬁ‘..§m7ﬂ preserves

orientation and hence we can set po = limg .o pr € [0, 1]. Observe that
f[2§o...§m71](p°°) = Poo- Since p € WG (¢, figy...¢,,]) and p # ¢, we con-
clude p # q. Then, since fé()---é-mfl} preserves orientation, we conclude that
[pooa ] - I[E

Completely analogously, we can show that Ij¢ contains an interval (4, Poo)
where Do = féo._gmil](ﬁoo) # ¢. This completes the proof. =

Observe that, as a consequence of Proposition [3.10] there are infinitely
many periodic sequences § such that I contains a repelling periodic point
and therefore is non-trivial, by Lemma [3.23

We now start by analyzing further properties of admissible domains.
Continuing Remark [3.21] we show that the set of asymptotically contracting
sequences is in fact much richer.

LEMMA 3.24. Given any £* € X, the set

Aer ={n= n~.£T:nT € Xy and n is asymptotically contracting}
is uncountable.

Proof. Fix any ¢+ € X7 To prove that Ag+ C Xy is uncountable we use
the standard Cantor diagonal argument.

Assume for contradiction that Ag+ is countable. Notice that for every
asymptotically contracting sequence & = (...£_1.§0&1...) € X9, we cannot
have {_; = 0 for all large enough i. Let Az C Ag+ consist of the sequences
€= (...£.1.£") for which £_; = 0 for infinitely many 4. Clearly, this set is
also countable. Consider some enumeration of it,

Acr = {€8 = (... 172052105 ey ¢ = (. 1B0RE 10kt ¢ty . ).
Here we allow also K f = 0, in which case the symbol 0 is neglected. We now
construct a “new” sequence that is in Ag+ but not in that enumeration. Let
Ly = L} + 1 and for k > 2 choose

1

k+1 7.
Liy1 > max{Ly, L]12+1} such that (- ~y2i=1 Li. gk < ok
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Observe that the sequence (... 01E201E10.§+) is asymptotically contracting.
By construction this sequence is not in the enumeration of A¢+ above, which
is a contradiction. Hence, A¢+ (and thus Ag+) is uncountable. m

The following lemma shows that the set of sequences £ having a non-
trivial admissible domain Ij is also very rich.

LEMMA 3.25. For every closed interval J C (0,1) and every £ € X
the set

.A§+’J ={¢= (ff.f+)2 § €l and I[ﬂ D J}
15 uncountable.

Proof. First, let us show that A¢+ ; is non-empty. Note that given any
J C (0,1), there exists k = k(J) > 1 such that f;*(J) C (0,¢1), where
c1 = f1(0). Let now Jy := J and K, := k(Jy) = k(J) and note that by the
definition in (3.16)) we have

Jo € fo([0,ea]) = (fg* © f1)(10,1]) = Iy -
For ¢ > 0 define recursively

K1 > k(Jy) such that  f5 "' (Jp) C (0,¢1)
and

_ —-K
Jor1 = (fy ! ° fo ().
Then
_ -K _ _

Joy1 = (f1 Yo fo “lo...o f1 Yo fo Kl)(J) = f[lOKZJrlmlOKl.](‘]) C [0,1]
and hence J C I[10K£+1.”10K1.] for every ¢ > 1 (recall Remark [3.14]). This
implies J C Ijg for £ = (... 105 ... 10%1.¢1), proving that Ag+ y is non-
empty.

We point out that, since fo™(Jy) C (0,c1) for every m > Ky 1, we can
repeat the construction above replacing at each step Ky by any Ky > K.
In this way, we get a new sequence £ such that J C I[a. In particular, the
set of sequences ¢ such that J C I} is infinite.

The above remark guarantees that the set Ag+ ; is infinite. To prove
that it is uncountable we use again the Cantor diagonal argument. Arguing

towards a contradiction, assume that Ag+ ; is countable and consider its
subset defined by

Act j = {€=(...0%10%210%1 ¢) € 5.
there are infinitely many blocks of 0s of length K,
satisfying Kypy1 > Ky for all ¢ > 1
and Ije_, ¢ D J forallm>1}
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and its enumeration

Ace g ={€8 = (... 1050 1050 e%), €2 = (... 1057 .. 1057 1), ).
Let now J}, = J and K, :7max{K11 + 1,k(JG) + 1} with J) C f[ogl]([(),cl])
and write J| := (f{ ' o f3 %1)([0,1]). Note that J| C I
tively, for £ > 2 choose

Kpor > max{Ko, KL R +1) and Ty = (f7 o fo (D).

10K 1)’ Arguing induc-

If we bear in mind the above remark and argue as above, these choices give

_ B B !
I[lOKHllOKH...lOKl‘] 2 Jepr-

Clearly, none of the sequences (. .. 10Ke .. 101 £T)isin ./Z(,E+7J, contradict-
ing that Ag+ ; is countable. Hence Ag+ ; is uncountable. m

We finally provide the proof of our proposition.

Proof of Proposition [3.15 We first prove that the set of sequences with
trivial spines is residual. As an immediate consequence of Definition [3.19
given any sequence § = (...£_1.60&1...) € Xy, for any m > 1 the sequence
& = (... 116 ... €-1.80&1&2 . . ) is asymptotically contracting. Moreover,
by Lemma the domain I is a single point only. Clearly, the distance
between £ and £’ can be made arbitrarily small by increasing m. This proves
that the sequences § such that Ijg is trivial are dense in Y. Given € > 0,
set

A = {é € Xy |I[§]| < E}.

The second statement in Lemma [3.22]in particular implies that A, contains
an open and dense subset of X5. Thus, ﬂnzl Aj/n contains a residual subset
that consists of sequences for which I is a single point. This proves the
first part of the proposition.

We now look at the set of sequences with non-trivial spines. Given any
sequence § = (...§-1.§p61...) € X9, recall that I}z .  jfor any m > 1
is a non-trivial interval. By Lemma zllj we have Iore e 1= Tje e ]
for any k > 1. Further, recall that Eomobr] = gt 1.60.6m]- Thus,
the sequence £ = (...00&_, ...&-1.80&1 - ) satisfies [ = Ije_,, ¢ ,] and
hence contains an interval. Clearly, the distance between ¢ and & can be
made arbitrarily small by increasing m. Together with Lemma this
proves the second part of the proposition. m

3.5. Gap in the Lyapunov spectrum. We finally establish some gap
in the spectrum of Lyapunov exponents.

PROPOSITION 3.26 (Spectral gap). Let
X :=sup{x(p,§): p € [0,1], £ € Xy \ E},
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where
E:={¢=(£7): & =(&%...&0"), k> 0}.

Then B =expx < [.

Proof. The idea of the proof is quite simple although the proof itself is
a bit technical. Note that the exponent x(p, &) could be close to § only if
the orbit { fg,..¢,.(P)}m>1 stays arbitrarily close to 0 infinitely often. Note
also that each visit close to 0 is preceded by a visit close to 1. This implies
that the effect of expansion (iterates of fy close to 0) will be compensated
by a (previous) contraction (iterates of fy close to 1 and some iterates of f1)
that will force the exponent to decrease. Now we will provide the details.

For simplicity of exposition we assume that fy is non-linear in a neigh-
borhood of 0. A similar proof can be done in the general case. Let § > 0 be
close to 0 and define

Ho:=1[0,0], Hj:= f;'(Ho) = [h{,1].
Recalling condition (FO01), we see that if § is small enough then
(3.18)  fiHo)NHo=0, fi(Hp)NHy=0, fi([0,1])NH,=0.
We first introduce some constants that will be used throughout the proof:
3.19 a:=min|f]|, a:= 1.
( ) @ H;Il6n|f1’ @ H}%X’fﬂ

Note that oo/ ~ 1 if ¢ is small enough. Further define
Bo »=sup{fg(x): x ¢ Ho} = sup{f;(x), fi(z): = ¢ Ho} < 8.

Observe that Gy < g follows from our simplifying assumption that fp is
non-linear close to 0. Let

B = inf{fi(x): z € Hy} < B, X, :=sup{fy(x): = € Hy}.
Note that if ¢ is small then A and f, are close to A and 3 and thus

log 3 log 3
og 7, — |log \j| + —== < log 3.

(3.20) [log Al 5

To prove the proposition, note that it is enough to consider the case that
& = 0 for infinitely many ¢ > 1. Indeed, otherwise, because f; is a contrac-
tion, we have x(p, &) < 0. Moreover, by replacing p by some iterate, we can
assume that p # 0. Further, we can assume that the orbit {fie,. ¢,.](P) }m>0
hits the interval Hy infinitely many times. Indeed, otherwise this orbit is
contained in the interval (§,1] in which the derivatives f{j and f{ are up-
per bounded by () and thus the Lyapunov exponent of x(p,§) is upper
bounded by log 3. Hence, without loss of generality, possibly replacing p by
some positive iterate, we can assume that p € Hy and fe,(p) ¢ Ho.

For every m > 0 write

Pm+1 = figo..m] (D)
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We define three increasing sequences (7%)k, (€x)k, (ix)r of positive integers
as follows (compare Fig. |4)): i, < i < ep < igy1,

(3.21) pj € Hy if and only if r, < j < ey for some k,

(3.22) p; € Hy if and only if i <j <7 — 1 for some k.

Fig. 4. Definition of the sequences (7x)k, (€x)k, (ik)k

Note that indeed by our choices the only way of entering Hy is by coming
from H{ after applying fi, and the only way of entering H, is after apply-
ing fo. More precisely: Since f1(Hy) N Hy = 0 (recall (3.18)), we have {; = 0
for every j € {rg,...,er — 1} whenever r; < e. By definition of r; we have
pr, € Ho and p,, 1 & Hp and thus p,,—1 > py,. Since fp is an increasing
function, we have p,, # fo(pr,—1). Thus,

pT‘k = fl(p?“kfl)v prkfl S -H(/]v and grkfl =1
Since f1([0,1]) N Hy = 0 (recall (3.18))), we have & = 0 for every index
j€{ix—1,...,m — 2}. In particular this implies that
(3.2) i, € I, o).

By the definitions of Hy and of the sequences above we have p; ¢ Hy for
all j € {ex +1,ix+1 — 1}, and therefore

(3.24) log ’(f[gekﬂ...gikﬂ,l])/(Pekﬂ)’ < (Bo)rmen
Denote by N the number of iterates of the point p;, in Hy, that is,
Np =1 —ip — 1.
CrLam 3.27. We have py, > o IANktS,
Proof. Recall that by we have p;, < fo(h{)) and hence
0" (i) = Pt < Jo* (foo)) = Jg* ™ (p).

Since hfy = f;1(8), with (3.19) we can estimate 1 — hj) > a~'d. Hence, by
(FO.i) we can estimate

1= pre1 > 1 — fo= T (RY) > AVet1g15,
Finally, since f1(0) = 1, we have

Pr. = fi(pro—1) > aANET1G716, u
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By Claim er — T < Mk + 1, where Mk is defined by

(56)Mk&a_1)\Nk+16 — 57
that is,

(3.25) M, < My = {(Nk + 1)flog A| — loga/aJ ey

log 3

Let us now estimate the finite-time Lyapunov exponents associated to
each of the finite sequences (&, ... &, )-

CrLAIM 3.28. There exists 3} < [ such that

log |(fig,, ..e.,1) (Pir)]
e — i+ 1

<log 3.

Proof. We can freely assume that the number of iterations in the interval
Hj is the maximum possible (clearly this is the case that maximizes the
derivative f[&'k---fek])‘ That is, suppose that e, — rp, = Mj. Recalling the
definition of & in , with the above we obtain

log ’(f[gik...gek]),(pikﬂ < M, log 5 + log @ — Ny |log Ap|
e — i+ 1 B Mg+ N +1 ’
From ([3.25)) we conclude that

log |(fie, ...,1) (Pir)]

er — 1+ 1

1 o
<— = (N4 1)logA| —log &
< wrm | (e Dlogx — 106 T ) 220

Ny, ogﬁ logﬁ
= vyl (B x|
_Mk+Nk+1<|Og g g Mgl )+ 37— N3

1
4+ ———— | |log A\| — log =
Mk+Nk+1(| BAI- >

log log 6
< (om 5 — log x5 +
0

1 al log s
— | |log A\| — log =
+Mk+Nk+1[‘Og | Oga]log .

where in the last line we also used My, + N + 1 > 2. By (3.20)),
log |(f[£kaek])/(ka)| 1 logﬁ
er — i+ 1 M, + N +1 ﬁo

Let L > 1 be large enough such that the rightmost term in the last
estimate is less than ¢ := (log # —log %)) /2 whenever My, + N +1 > L, and

log B3) +

[|Iog Al — log }
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thus the claim is proved if My + Ni +1 > L. In the finitely many remaining

possible cases with |f]| < v (recall (F1.i)) we can estimate

log|(f[§ik...§ek})/(pz‘k)| S log(B%y)
max ——
er — 1+ 1 “¢=1,..L FL+1 =1,...L £+

1 log B < log 3.

Hence, with

l
Bf = exp max {logﬁ(’) + s,m?x T logﬁ}

we have (] < (. This proves the claim. =

We are now ready to get an upper bound for x(p,&). It is enough to
consider segments of orbits corresponding to exit times e; and starting at
the point py:

log |(fie,.. 5% Z’“: —ij+1 108 |(fle, ;1) (Pi;)]
e;—ij+1

tjy1 —e; —1 log ‘(f[Ee]-Hm&jH—ﬂ)/(p6j+1)‘

(&% ijJrl —€; — 1 '
By and Claim m this derivative is bounded from above by
max{log Bo,log 3]} < log 8. This completes the proof of the proposition. =

_l’_

4. Transverse homoclinic intersections

4.1. The maximal invariant set. In this section we are going to prove
that the maximal invariant set of F' in the cube C (recall the definition
in (2.1))) is the homoclinic class of a saddle of index u + 1.

THEOREM 4.1. Given the periodic point ¢* = q7 € [0,1] and the ex-
panding sequence & = £(ly) provided by Lemma applied to the interval
Iy = [fo_l(b()),bo], set ¢ = w 1(£). Then the periodic point Q* = (q,q*) has
index u+1 and Ap = H(Q*, F).

Note that this result implies in particular that Ag is transitive and con-
tains both saddles of index u + 1 and of index u and thus is not hyperbolic.
To prove Theorem we will use the properties of the iterated function
system in Section [3| This translation is possible by the skew structure of F.
In fact, the following remark follows immediately from this structure.

REMARK 4.2. Given a periodic sequence £ = (& ...&n_1)% € Xy and
a fixed point r € [0,1] of the map fi¢,. ¢,,_,], there is a canonically asso-
ciated saddle point R = (r*,7%,r) where (r®,7%) = w (& ... &n1)%). If
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’f[lfo---gm—l](r)’ # 1 then the saddle R is hyperbolic and

{TS} X [07 1]u X Wu(r) f[{o...ﬁmfl]) C WU(R7 F)7
[07 1]5 X {Tu} x Ws(r7 f[fo...fmfl]) - WS(RvF)

Note that if |f[’£] (r)| > 1 (respectively, ]f['g] (r)] < 1) then the saddle R has
index u + 1 (respectively, u).

We introduce some notation. Given a periodic sequence (£... &y, 1)%
€ Xy and afixed point (¢, ¢, )z = f[gDmgm—l](T(SO---fm—l)Z)’ we will consider
the point

R(SO---Emfl)Z = (wil((go ttt gm_l)z)7 r(fo...fmfl)z)7

which is periodic under F. Notice that there can exist fibers that contain
more than one periodic point, so in general the points 7, ¢, )z and hence
Rg,. ¢, )7 are not unique.

REMARK 4.3. Note that Remark [£.2]implies, in particular, that for every
periodic point R € Ar \ {Q, P} the manifold W"(R, F') transversely inter-
sects [0,1]* x {0%} x (0,1) C W*5(P, F), and W*(R, F) transversely intersects
{0°} x [0,1]* x (0,1) C W™(Q, F).

REMARK 44. If R = R ¢z = (r®,r",r) is a periodic point such
that W*(r, fig,..¢,._,)) contains the forward orbit of either 0 or 1, then
WH(P, F) intersects W*(R, F') transversely.

We have the following relation for periodic points with index wu.

LEMMA 4.5. Consider a periodic sequence &€ = (& ... Em—1)* € Xy with
& # 0% and an associated periodic point of the map F,

R=Rgy ¢, )2 = (Ts,r“,r(gonfm_l)z) = (r*,r"r).

(1) If R has index u and if the stable manifold W*(r, fie, ..
[0,1] then R is homoclinically related to P.

(2) If R has index u + 1 and if the unstable manifold W*(r, fig,..c.,_1])

contains a fundamental domain of fo in (0,1) then for every saddle

R € Ap with R # Q the manifolds W*(R, F) and W*(R, F) intersect

transversely.

€m_1]) cONtains

Proof. Note that as £ # 0%, we have r € (0,1) and thus R # Q, P

Suppose that R has index u. Remark implies that W*(R, F') trans-
versely intersects W?*(P, F'). To see that W*(P, F) transversely intersects
W4(R, F) (and thus R and P are homoclinically related) it suffices to note
that {y*} x [0,1]* x {f1(0)} € W*(P,F) for some y* € (0,1)°, and that
[0,1] € W*(7, fieo....m_1))- Remark then implies (1).
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To prove (2) note that our assumptions imply that for some fundamental
domain D = [d, fo(d)] C (0,1) of fy and some z* € (0,1)® we have

A= {2} x [0,1]" x D € WY(R, F).

Remark applied to R implies that W* (E, F) accumulates at W*5(Q, F)
from the right and therefore (from the definition of f1) W*(R, F) accumu-
lates to {0°} x [0, 1]* x {1} from the left. In particular, for every § > 0 there
are z € (1 —0,1) C (fo(d),1) and 2" € (0,1) such that

(4.1) T :=10,1)° x {(z*,2)} € W*(R, F).

The choice of z implies that some negative iterate of T by F' transversely
meets A C W% R, F). Thus W#¥(R, F) transversely intersects W"(R, F),
ending the proof of the lemma.

REMARK 4.6. Note that and the fact that  can be taken arbitrarily
close to 1 implies that for every saddle R € Ap, R # Q, every fundamental
domain D of fp in (0,1), and every z® € [0, 1] we have {z*} x [0,1]" x D rh
W3(R, F) # 0.

We continue exploring the skew-product structure and the strong un/
stable directions of the global transformation F'.

REMARK 4.7. Consider an interval I C [0, 1], a point y* € [0,1]%, and
the disk A = {y*} x [0,1]* x I. Given a finite sequence & = (& ...&,,) with
Notation [3.1] there is some 7° € [0,1]® such that

F™H(Ag) = {57} =< [0,1]" x fig(1).

LEMMA 4.8. Given the periodic point Q* = (¢°,q¢", ¢*) = (¢, q*) in Theo-
rem the unstable manifold W"(Q*, F) transversely intersects the s-disk
0,1 x (2% 2)} for any (z¥,2) € [0, 1] x (0,1).

Proof. Consider the finite sequence £ = £(1j) associated to ¢* as provided
by Lemma [3.8] Recall that by Lemma the fundamental domain D =
[£52(bo), fy *(bo)] is contained in W(g*, fig))- This implies that

A= {g*} x [0,1]“ x D € WY(Q*, F).

Let us consider the following forward iterations of Ag under F. For i > 0
define recursively

Ai1 = F"(Ag N Cppiv)) = F(A; N Co) = {gfy1} x [0,1]* x fi*!(D)
for some point ¢ ; € [0,1]°. Observe that

U £(D) 2 1£52(b), D).

>0
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Thus for every = € [fy 2(bo), 1) there is some point y*(x) € [0, 1] such that
Tp = {y*(2)} x [0, 1] x {a} C WH(Q", F).

This implies that the lemma holds when z € [f; %(bo), 1).

To complete the proof, first observe that, by (FO01)(iii) for any = €
(0, f5 %(bo)) one has

= f (@) € [fo " (b))
Thus, we can consider the disk 7} and the point 2*(z’) € [0, 1]* given by
F(Yy N Cy) ={z"(&")} x [0,1]" x {fs(z")} = {=°(2")} x [0,1]" x {x}.

By construction, the u-disk F(7,» N Cy) is contained in W*(Q*, F') and
intersects the s-disk [0, 1]° x {(z", z)}. This ends the proof of the lemma. m

REMARK 4.9. Given X = (2% 2" x) € Ap, we denote by W* (X, F)
(resp. W"%(X, F')) the strong stable manifold of X (resp. the strong un-
stable manifold of X') defined as the unique invariant manifold tangent to
E? (resp. E") at X and of dimension s (resp. dimension u). Note that

[0,1]° x {(z",2)} C W**(X, F), {0°} x [0,1]" x {z} Cc W""(X, F).
Remark and Lemma immediately imply the following.

COROLLARY 4.10. For every X = (2%,2%,x) € Ap with x € (0,1) we
have W*(Q*, F) h W*5(X, F) # 0. In particular, W*(Q*, F) t W*(R, F)
for every saddle R € Ap \ {P,Q}.

NOTATION 4.1. For a point X € C and a number ¢ € Z such that

F'Y(X) € C let us write
X; = FY{(X) = (a5, 2%, ;).

191

Given z° € R® we denote Bj(z°) := {x € R*: d(x,2°) < §}. We will also
use the analogous notation Bj (z*).
The following proposition is the main step in the proof of Theorem

PROPOSITION 4.11. Let X = (2°,2%,x) € Ap be such that x; € (0,1)
for infinitely many i < 0. For 6 > 0, the disk

A5(X) = Bs(2°) x {(«",2)}
transversely intersects W"(Q*, F'). Set
X(9) := (2%(9), 2", z) € A{(X) h W(Q", F).
Then for every e > 0 the disk
AZN(X(9)) :={2°(0)} x BY(z") x [t — e,z +¢] C WY(Q", F)
intersects W*(Q*, F) transversely.
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Proof. Since x; € (0,1) for infinitely many ¢ < 0, the uniform expansion
in the s-direction with respect to F~! implies that there is some iterate
i < 0 such that x; € (0,1) and

[0,1]° x {(x,2:)} C F'(A5(X)).
Thus, by Lemma Fi{(A3(X)) intersects W¥(Q*, F) transversely and
hence A$(X) intersects W"(Q*, F) transversely.

Note that, since X € Ap, the definition of X (§) implies that X (6) € A}..

Consider now the forward orbit of X (§) and let £ = (£&1...) € X5 be the
one-sided sequence determined by

F'(X(8)) € Cg,, i>0.
We let Ay := AZ(X(J)) and (using Notation recursively define, for
1> 0,
A,’_H = F(A2 N Cgi) = FH_l(AO N C[Eo--fi])'
The uniform expansion in the u-direction implies that there is a least iterate
19 such that we cover the unstable vertical direction, that is,
(4.2) Aiy = {5 (@)} x [0,1]" x L

for some y*(d) € [0,1]° and some interval L C (0,1). Clearly, this covering
property is also true for any ¢ > ig.

Notice that, in general, we have no information about the location of
the interval L. Thus, in principle, we cannot apply our preliminary results
about expanding itineraries in Section and we need to consider some
additional iterates of L. More precisely, first consider some image H of L
under the iterated function system such that we can apply these arguments
to H. Recall that, in particular, such an interval H must be contained in
[£52(bo), bo]. Take jo large enough such that f3°(L) is close enough to 1 and

Froaon) (L) € (0, f5 " (ao)) = (0, f5 > (bo)).

Consider now the smallest £y > 0 such that
Fioior0r0) (L) N (fy % (bo), bo] # 0
and consider the finite sequence 7 := (0/010%). Let
H := fiy (L) 0 [£5 (bo), bo)

and consider the disk
(4.3) A = FlotHo(A, 0 Cpy) = {7°} x [0,1]" x H,

where * is some point in [0,1]*. In comparison to (4.2), this disk is now
appropriate to apply our arguments on expanding itineraries. _

By Remark if H contains a fundamental domain of fo then A meets
W#(Q*, F) transversely and, since A is a positive iterate of AS*(X(9)), we
are already done in this case.
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In the general case we will see that some forward iterate of H will contain
the fundamental domain [f52(bo), fy ' (bo)]. To prove that, we apply our
results about expanded successors in Section [3.2} By Lemma 3.5 there exist
expanded successors H = H, Hyy,..., Hymy of H such that H gy
contains [fy%(bo), fy *(bo)]. Together with the expanded successor, for j =
0,...,i =i(H), we obtain an expanded finite sequence §.;y = §(H ;) of
length [£.y| (recall (3.1))).

We now define recursively a sequence of disks as follows. Let A\O = A
with A defined in (4.3)) and for j =0,...,i(H) — 1 let

AjJrl = F‘§<j>|(Aj N C[£<j>])'
Notice that

~

Ajrr = {yfa b < [0,1]" x fie 1 (Hyy) = {yj0} x [0, 1] x Hyjpy
for some point y3 ., € [0,1]°. As H )y contains the fundamental domain
[£572(b0), fy *(bo)] of fo, by Remark @ the disk Az) meets W*(Q*, F)
transversely. Hence, the proposition is proved in that case also. =

As a consequence of the proof of Proposition [f.11| we obtain the following.

REMARK 4.12. Observe that {(0°,0“)} x (0,1) C H(Q*, F'). As the ho-
moclinic class is a closed set, we can conclude that {(0°,0%)} x [0,1] C
H(Q*, F). In particular, P,Q € H(Q*, F).

REMARK 4.13. The proof of the proposition implies that for any hy-
perbolic periodic point R # @ of index u + 1 the manifolds W*(R, F') and
W4 (Q*, F) intersect transversely.

This remark, Corollary and the fact that being homoclinic is an
equivalence relation, together imply the following result.

COROLLARY 4.14. Every pair of saddles of index u + 1 in Ap that are
different from @Q are homoclinically related.

We finally formulate a simple fact.

LEMMA 4.15. Given any sequence & € Xy, the point (z°,2%) = w~1(£),
and some point x € I, we have X = (z°,2",x) € Ap.

Proof. Recall Notation As an immediate consequence of the skew-
product structure of F', by the definition of Ijg) we have x; € [0, 1] for all
@ € Z. Since F' is topologically conjugate to the shift map one finds that
(xf,2¥) € Cforalli € Z. Hence F'(X) € Cforalli € Z and thus X € Ap. n

We are now ready to prove Theorem

Proof of Theorem[{.1 Clearly, given any X = (z%,2",z) € H(Q*, F), we
have (x%,z") € C. It hence remains to prove Ap C H(Q*, F'). We consider
two cases.
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Case 1: X = (22" 2) € Ap and x_; € (0,1) for infinitely many
i > 0. By Proposition and using the notation there, there exists a
point
X(0) = (2%(9),z%, z) € A(X) N W*"(Q", F).
Note that it belongs to the forward invariant set A}, and the disk A*(X(9))
C W*(Q*, F) transversely intersects W*(Q*, F') and hence contains a trans-
verse homoclinic point of @*. Thus

AS(X(8)) N H(Q", F) 0.
By Proposition we have X (§) € H(Q*, F'). As ¢ can be taken arbitrarily

small, the point X (4) can be taken arbitrarily close to X and thus X €
H(Q*, F). This implies the theorem in Case 1.

CASE 2: There is 19 such that X = (a:s,x“,'a:) € Ap and z_; € {0,1}
for all i > iy. Replacing X by its iterate F~°(X), we can assume that
x_; € {0,1} for all 7« > 0. We now distinguish two more cases.

CASE 2.1: 9 = 1. Since fy(z) = 1 if and only if / = 0 and = = 1, as
the only possibility for the backward branch of X we must have x_; = 1 for
all i > 0. Moreover, the sequence ¢ = @ 1(x) must satisfy £_; = 0 for all
i > 0. Hence X_; € Cy for all i > 0 and therefore X is of the form (0%, 2%, 1).

Note that Ijg = [0, 1]. Thus, by Lemma given any 7 > 0 for every
y € (1 —7,1) there is a point Y = (0%, 2", y) in Ap. Note that these points
form an uncountable set. Since the set of all preimages

{f[g_m“.g,l.]({oa 1}): (g—m s 5—1) € {O’ 1}7m7 m > 1}
is countable, without loss of generality we can assume that the point Y and
its preimages with central coordinates y_; additionally satisfy y_; € (0,1)
for all # > 0. Now applying Case 1 to Y we conclude that Y € H(Q*, F).

Since a homoclinic class is a closed set and Y can be chosen arbitrarily close
to X, we obtain X € H(Q*, F).

CASE 2.2: xp = 0. To distinguish the two possible types of backward
branches of X in this case, observe that f;(xz) =0 if either z =0 and ¢ = 0
orx=1and ¢ =1.

CASE 2.2a: x_; = 0 for all i > 0. Hence in this case X_; € Cy for all
1> 0, and we can conclude as in Case 2.1.

CASE 2.2b: There exists a first index i such that x_; = 1. Replacing X
by the iterate f~*(X), we can now conclude as in Case 2.1.

This proves that Ap C H(Q*, F) and hence proves the theorem. =
4.2. Particular cases. Supplementing the results in the previous sec-

tion we obtain, under additional mild hypotheses on the maps fy, f1, further
properties of the homoclinic class.
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First, we assume that the following Kupka—Smale-like condition is satis-
fied:

(Fks) Every periodic point of any composition f,. ¢,,] is hyperbolic.

Note that this condition is generic among pairs of maps fy, f1 satisfying
conditions (F0), (F1), and (FO1).

THEOREM 4.16. Under the additional hypothesis (Fks), for every peri-
odic sequence € = (& ... &n_1)% there is a periodic point R¢ of F' of index u
in the fiber of & (that is, m(R¢) = &) that is homoclinically related to P.

Proof. The arguments in the proof of Lemma and the hypothesis

(Fks) together imply that the set

M Uieo.e,)? (0, 1)

keN
is either an attracting fixed point of flg, ¢, or an interval whose extremes
are hyperbolic attracting periodic points of fig,. ¢,,- In either case, consider
one such attracting point and denote it by 7¢. By construction W*(r, fi¢;. ¢,.])
contains either 0 or 1. By Remark this implies that W?*(Rg, F') trans-
versely intersects W*(P, F'). On the other hand, by Remark we know
that W*(Rg, F') and W#(P, F') intersect transversely. This implies that the
saddles R¢ and P are homoclinically related, proving the proposition. m

Recall that in the previous case under conditions (F0), (F1), (F01) we
have H(P, F') C Ap. We now consider another particular case. Assume that:

(Fg) If f1(]0,1]) = [0, ¢] then f)(z) € (0,1) for all = € [, 1].
THEOREM 4.17. Under the additional hypothesis (Fp) we have H(P, F) =
Ap =H(Q* F).

The argument is somewhat analogous to the one for Theorem More-
over, it follows very closely the exposition in [7, Section 6.2] using a con-
struction of so-called blenders.

First, we have a completely analogous version of Proposition

PROPOSITION 4.18. Let Y = (y°,y",y) € Ap be such that y; € (0,1) for
infinitely many i > 0. For § > 0, the disk

A§(Y) = {y"} x B§(y") x {y}
transversely intersects W*(P, F’). Let
Y(0) = (v, 4"(0),y) € A5 (Y) M W (P, F).
Then for every small € > 0 the disk
AZ(Y(9)) = B(y®) x {y"(0)} x [y — e,y +e] C W3 (P, F)
intersects W"(P, F') transversely.
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After proving this proposition the proof of Theorem is identical to
the one of Theorem so we refrain from giving the details.

Proof of Proposition[{.18 The first steps are identical to the ones of the
proof of Proposition 4.11

Further, to show that AZ(Y(6)) h W*(P, F) # (), we consider the iterate
of an interval J := [y — €,y + €] under the maps Jie_m...e_,- First note that,
under the hypothesis (Fg), the maps fi Land fi L are uniformly expanding
in [c, 1] and [0, ¢], respectively, with derivatives having moduli > k > 1. An
immediate consequence (see also the Lemma in [6]) is that fie_ . ¢ (/)
for large m contains the point c. Just observe that if ¢ ¢ fie_ ¢  (J)
then either fie_ .  1(J) € [0,¢) or fie_, ¢ 1(J) € (c,1]. In the first
case let £€_,,_1 = 0 while in the second let £_,,_1 = 1. Consequently,
| fiemore 1D = xk™F1|J|. Thus, there is a first m with the desired prop-
erty.

Now, to finish the proof, note that the skew-product structure implies
that there exist g* € [0, 1]* such that

(0,1 x {5} X fe_pe00(J) C WP, F)
and, recalling that ¢ = f1(0), this implies that there is y° € [0, 1]® such that
{7°} x [0,1]" x {f1(0)} c W*(P, F).
This means that AZ(Y(§)) M W% (P,F) # 0. m

5. Lyapunov exponents in the central direction. We now continue
our discussion of Lyapunov exponents started in Section [3.3] Recall that, due
to the skew-product structure and our hypotheses, the splitting in is
dominated and for every Lyapunov regular point coincides with the Oseledec
splitting provided by the multiplicative ergodic theorem. Here, in particular,
a point S is Lyapunov reqular if for ¢ = uu, ¢, and ss for every v € Eg the
limit
(5.1) Xi(S) = lim_log|[dF(v)]

n—+oo

exists. In the following we will focus only on the Lyapunov exponent x.(S)
associated to the central direction E°. Observe that given a Lyapunov regular
point S = (s s%,s) € Ap and £ = (...£-1.§0&1...) € X9 given by & =
w((s®, s")), we have

1
(5.2) Xe(S) = Timlog (g, g, )/ (5)]
Clearly, x.(95) is well-defined for every periodic point.

5.1. Spectra of Lyapunov exponents. Let us consider spectra of
central exponents from various points of view.
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5.1.1. Spectrum related to periodic points. Given a saddle S, we define
the spectrum of saddles homoclinically related to S by

Thomrel(S) := {xc(R): R hyperbolic periodic homoclinically related to S},
and the periodic point spectrum of the homoclinic class of S by
Toer(H(S, F)) :={xc(R): R € H(S, F) periodic}.

Clearly, Zhomrel (S) C Zper(H (S, F')). Let Q* be the saddle provided by The-
orem Since the homoclinic class H(Q*, F') coincides with the maximal
invariant set Ap, we have

(53) Ihomrel(Q) U Ihomrel(Q*) UIhomrel(P) C Iper(H(Q*a F))

Moreover, Zpomrel (@) = {log 5} by Lemma
Let us recall the following standard fact (see also [2, Corollary 2]).

LEMMA 5.1. Given two saddles S and S’ that are homoclinically related
and satisfy xc(S) < xc(5), we have

[XC(S>7 XC(S,)] C Z'homrel(S) = Ihomrel(sl)-

Proof. Recall that if S and S’ are homoclinically related then there exists
a horseshoe Agg C Ap that contains both saddles. In particular Ag g
is a uniformly hyperbolic locally maximal and transitive set with respect
to F. The existence of a Markov partition implies that we can construct
orbits in the hyperbolic set that spend a fixed proportion of time close to S
and S, respectively. This is enough to obtain periodic points in Ag g with
Lyapunov exponents dense in [x.(S), x.(5)]. Finally, any such periodic orbit
is homoclinically related to S and S’. m

5.1.2. Spectrum of Lyapunov regular points. Let
Treg(H(S,F)) == {xc(R): R € H(S,F) Lyapunov regular}.

We finally obtain the possible spectrum of central Lyapunov exponents.
Recall the deﬁmtlon of 8 in Proposition [3.26| that is the largest Lyapunov
exponent as in ) that is different from 5 .

PROPOSITION 5.2. Let
B = expsup{x: X € Lreg(H(Q", F)), x # log 8}.
We have
Iper(H(Q*, F)) = [log A, log 5] U {log 5}
C Treg(H(Q*, F)) C [log A, log ] U {log 3}.

REMARK 5.3. Using different methods involving shadowing-like proper-
ties, one can in fact show that [log A, log 5] U {log 3} is the set of all possible
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upper/lower central Lyapunov exponents, that is, all exponents that are ob-
tained when we replace lim by limsup/liminf in (5.1). Hence, in particular,
we have equalities in Proposition For the details we refer to [12].

Proof of Proposition[5.4. We first prove that (0,log %) C Zpe:(H (Q*, F)).
Note that by Proposition for every € > 0 there exist a finite sequence
(0---&m—1) and a fixed point g, ¢ )z € (0,1) of fig,. ¢, ,) that has
Lyapunov exponent in (0,¢). Therefore, the corresponding periodic point
Q.. £n1)? has central Lyapunov exponent in (0,¢). By Corollary .14 this
point is homochmcally related to @Q*. By Lemma 5 1] and . ence
obtain

[0, Xe(Q)] C Tper (H(Q*, F)).
Similarly,

[Xc(Q@"),log 87| C Lper (H(Q*, F)),
proving that

[0,log 3] C Tper(H(Q*, F)).

Now we consider the negative part of the spectrum. Note that by Propo-
sition for every € > 0 there exist a finite sequence (& ...&n—1) and a
fixed point pg,. ¢, )2 Of fg..¢,,_,) that has Lyapunov exponent in (—¢,0)
and whose stable manifold contains [0, 1]. By Lemmal[4.5(1) the correspond-
ing hyperbolic periodic point P, ¢ )z is homoclinically related to the
fixed point P. Exactly as above, we obtain

[log A, 0] C Zper (H (P, F)).
Since H(P, F) C H(Q*, F), this proves

[log A\, log %] U {log 5} C Zper(H(Q*, F)).
By the definition of 5* we have

Iper(H(Q", F)) C [log A, log 3%] U {log B}

Clearly, Zper(H(Q*, F')) C Lreg(H(Q™, F')). Finally, note that by Propo-
sition [3:26] any Lyapunov regular point is either contained in the stable
manifold of () and hence has exponent log 3, or has exponent less than or
equal to log 5, proving

Toeg(H(Q", F)) C [log A, log 3] U {log B}
This finishes the proof of the proposition. =

5.1.3. Spectrum of ergodic measures. The following results will be need-
ed in the following section. We denote by M(A) the set of F-invariant Borel
probability measures supported on a set A, and by Meg(A) the subset of
ergodic measures. For p € M(A) let

Xe(p) := \log ||dF | e | dp.
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Denote by dg the Dirac measure at () and consider

Terg(H(Q", F)) = {Xe(1): 1 € Marg(H(Q", F)) \ {dq}}-

The following is an immediate consequence of Proposition [3.26]

PROPOSITION 5.4. We have (log 3,log 3) NZerg(H(Q", F)) = 0.

5.2. Phase transitions. In this section we continue our analysis of
spectral properties and study equilibrium states. Recall that, given a con-
tinuous potential ¢: Ap — R, an F-invariant Borel probability measure v
is called an equilibrium state of ¢ with respect to F'|,, if

ho (F) + o dv = o <h#(F) +¢ d,u) ,
where h,(F) denotes the measure-theoretic entropy of p. Notice that as the
central direction has dimension one, such a maximizing measure indeed ex-
ists by [LI, Corollary 1.5] (see also [9]). Without loss of generality, we can
always assume that this measure is ergodic. Indeed, given an equilibrium
state for ¢ that is non-ergodic, any ergodic measure in its ergodic decom-
position is also an equilibrium state for . Note that

5.4 P(g) = max (hu(F)+{pdu)
(5.4) (p)=  max (hu(F) Vodp
is the topological pressure of ¢ with respect to F'| 4, (see [24]). An equilibrium
state for the zero potential ¢ = 0 is simply a measure of maximal entropy
h(F) = h(F|ap)-

We will study the family of continuous potentials

pr == —tlog||dF|ge|, t€R,

and will continue denoting P(t) = P(p:). Note that ¢ — P(t) is convex
(and hence continuous and differentiable on a residual set; see also [24] for
further details). Recall that a number « € R is said to be a subgradient at
tif P(t+s) > P(t) + sa for all s € R.

LEMMA 5.5. For any t € R and any equilibrium state p; of the potential
ot the number —x.(ut) is a subgradient of s — P(s) at s = t. If moreover
s — P(s) is differentiable at s =t then x.(u) = —P'(t).

Proof. Given t € R and an equilibrium state uy, it follows from the
variational principle ([5.4)) that for all s € R we have

Pt +5) 2 hy, (F) = (£ + s)xe(p) = P(t) = sxe(m),

that is, —x.(u¢) is a subgradient at t.
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If the pressure is differentiable at ¢ then this subgradient is unique and
thus all equilibrium states of ¢; have the same exponent given by —P’(t). m

We now derive the existence of a first order phase transition, that is, a
parameter ¢t at which the pressure function is not differentiable. Note that in
our case, by Lemma this is equivalent to the existence of a parameter ¢
and (at least) two equilibrium states for p; with different central exponents.

PROPOSITION 5.6. There exists a parameter tge[—h(F)/(log —log 3),0)
such that for every t < tg the measure dq is an equilibrium state for ¢ and
P(t) = —tlog 3. Moreover, s — P(s) is not differentiable at s = tg and

D™P(tg) = —log and DTP(tg) > —logj.

Proof. We first show that d¢g is an equilibrium state for some ¢. Recall
that (FO0.i) implies that x.(dg) = log3. Note that the variational prin-
ciple (5.4)) implies that for every ¢t € R we have

(5.5) P(t) > hso (F) — txc(dq) = —tlog 3.

Aiming for a contradiction, assume that there exists no ¢ € R such that dg
is an equilibrium state for ;. Then, by (5.4)), P(t) > —tlog for all ¢. By
Proposition there is no ergodic F-invariant measure different from ¢

with central Lyapunov exponent within the interval (log 3, o0). Hence, for
any t € R any ergodic equilibrium state of ¢; different from d¢ has exponent

<log E In particular, for every ¢ < 0 we have

(5.6) P(t) = hy, (F) + [tIxe(pe) < h(F) + [t|log 3
for some ergodic equilibrium state p; of ;. Summarizing, for ¢ < 0 we have
(5.7) lt|log 8 < P(t) < h(F) + |t|log 3.

But this is a contradiction if ¢ < 0 and |¢| < h(F)/(log 8 —log 3). Therefore,
there exists ¢ € R such that dg is an equilibrium state for ¢;.

Since P(0) = h(F') > log2 > 0, by continuity of ¢ — P(t) we have
tg = max{t € R: P(t) = —tlog 3} < 0.

Consider 7 € (tg,0) and an ergodic equilibrium state y, for . Since P(7) #
—7 log 3 we have i, # dg. Hence, by Proposition we have x(ur) < log .
Note again that P(t) > —7log 3. Thus, arguing as in (5.6) and (5.7), we
get |7| < h(F)/(log  — log 3). In particular, this implies

h(F)
log 3 —log 3
This completes the first part of the lemma.

ltol <
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It remains to estimate the left and right derivatives at ¢g. Consider again
T € (tg,0) and an ergodic equilibrium state p, for ¢,. As above, pu, # g
and xc(pr) < log 5 By Lemma ﬁ —Xc(r) is a subgradient at 7. Hence,
D*P(tg) > —log 3. On the other hand, by the definition of tg, we have
D~ P(tg) = —log 8. Hence t — P(t) is not differentiable at tg. m

6. Proofs of the main results

Proof of Theorem[1 Items (A) and (C) follow immediately from Propo-
sitions and respectively. Finally, (B) is a one-dimensional version
of Theorem [J(B) using also transitivity in item (D), so we will omit its
proof. m

Proof of Theorem [4 Item (A.a) follows from Theorem [[[A) together
with the skew-product structure of F'.

By Theorem there is a saddle Q* of index u + 1 such that the ho-
moclinic class H = H(Q*, F') coincides with the locally maximal invariant
set Ap in C. This homoclinic class coincides with the closure of all saddle
points homoclinically related to Q*. By Corollary every saddle of index
u+ 1 in Ap is homoclinically related to Q*. By Lemma the spine of
every periodic point of index v+ 1 is non-trivial. Hence, the set of all points
with non-trivial spines is dense in Ap. This shows (A.b).

The first part of item (B) follows from the previous arguments. Re-
call that P has index u and that its homoclinic class of P is non-trivial
(Lemma and therefore contains infinitely many saddles of index u. Since
this class is contained in Ar we are done.

The first part of item (C) follows from Theorem [I[C) together with
the skew-product structure of F. The fact that the spectrum contains an
interval and the existence of a phase transition follow immediately from
Propositions and

Again, by Theorem for the saddle @Q* of index u + 1 the homoclinic
class H = H(Q*, F) is the locally maximal set in C and hence contains
the non-trivial class H (P, F'). Finally, Lemmas implies that H(Q, F) =
{Q} C H. This proves item (D) and hence the theorem. m
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